Abstract. This paper investigates the variability of sea surface salinity (SSS) in the western equatorial Pacific fresh pool. For this purpose, we processed data collected from thermosalinographs embarked on merchant ships. Two main cross-equatorial shipping lines that are representative of the oceanic conditions in the western tropical Pacific were selected: the Japan-Tarawa-Fiji line that crosses the equator near 173øE (eastern track) and the New-Caledonia-Japan line that crosses the equator near 156øE (western track). We show that there is a strong SSS variability in the region at monthly as well as interannual timescales. This high variability is attributed to the successive passages of a zonal salinity front, trapped in the (5øN-5øS) equatorial band and migrating in phase with the southern oscillation index. We also found the eastern track to be more variable in SSS because it is more exposed to these SSS front incursions. We carried out a detailed study of the mechanisms responsible for this variability; it revealed that the rainfall input acts as a source of freshwater responsible for the existence of a contrasted distribution of SSS (mainly high-salinity waters in the central Pacific and low-salinity waters in the western Pacific). However, the main mechanism responsible for the SSS variability is zonal advection that makes the two distinct masses of water converge, resulting in a salinity front which shifts back and forth in the equatorial band. 
Introduction
The western equatorial Pacific is a region of net freshwater input for the ocean because of the excess of precipitation over evaporation: it is a region of active deep atmospheric convection where low wind conditions usually prevail [Donguy, 1994; Webster and Lukas, 1992] . These particular conditions have a significant potential impact on the dynamics and thermodynamics of the western Pacific warm pool through their effect on salinity and density. The salinity effect on density can be as large as the temperature effect in the surface mixed layer, whose depth cannot be determined by temperature alone. Variations of salinity with depth created by downward freshwater fluxes lead to the appearance of a distinct stable layer near the surface. The layer between the base of the mixed layer and the top of the thermocline is called the barrier layer, as proposed by Lukas [1988] . Several studies have investigated the presence of a barrier layer. For example, Lukas and Lindstrom [1991] found that during Western Equatorial Pacific Ocean Circulation Study (WEPOCS) cruises, a barrier layer was present most of the time in the warm pool, and Sprintall and Tomzcak [1992] showed that a barrier layer is detectable on climatological data. Delcroix et al. [1992] noticed the presence of a barrier layer along the 165øE meridian during Survey of Tropical Pacific (SURTROPAC) cruises. This concept of barrier layer is important to understand the heat budget of the warm pool and thus raises questions about possible salinity
•Now at Groupement de Recherche en Geodesie Spatiale, Toulouse, France. ence of rainfall anomalies linked to ENSO events on global ocean circulation models [Reason, 1992] . Vialard and Delecluse [1998a, b] respectively investigated the formation and maintenance of the barrier layer in the western Pacific using an ocean global circulation model. R. W. Reynolds (personal communication, 1996) noticed the role of salinity on sea level simulation using an operational ocean model with temperature profile assimilation. These studies stress the dynamical impact of salinity in the warm pool region.
While sea surface temperature distribution is well documented through in situ and satellite observations, salinity observations are still scarce. However, a few SSS studies using data provided mainly by merchant ships and sampled with meteorological buckets, have shown that SSS distribution is related to Pacific ocean circulation and rainfall patterns at annual and interannual timescales [Hires and Montgomery, 1972; Rochford, 1977 In order to improve the data quality and reliability of SSS measurements, ORSTOM initiated, and have been developing since 1992, a thermosalinograph network based on voluntary observing ships (VOS). This network makes it possible to observe more intensively and with improved accuracy the structures of surface temperature and salinity along shipping routes [H•nin and Grelet, 1996] . This network and its data are described in section 2. It consists mainly of two cross-equatorial merchant shipping lines, one in the western part and the other in the eastern part of the warm pool. The period of observation (1992) (1993) (1994) (1995) was also more heavily sampled as it covers the Tropical Ocean and Global Atmosphere/Coupled OceanAtmosphere Response Experiment (TOGA-COARE) [Webster and Lukas, 1992] . In particular, we also used limited time series at several locations in the western equatorial Pacific where moorings are equipped with thermosalinographs. All these data yield information on the temporal and spatial evolutions of SSS (section 3). SSS distribution presents contrasted patterns between E1 Nifio and La Nifia periods [Delcroix and Picaut, 1998 ]. Picaut et al. [1996] , using SSS data provided by bucket sampling in 1982-1989 (but not really adequate to monitor salinity fronts) and model results found that, at interannual timescale, advection of SSS was responsible for the displacement of this front. However, even though our period of interest covers the extended ENSO event of [1991] [1992] [1993] [1994] and the 1995 La Nifia event, it presented strong changes in SSS at a timescale of one to three months, as discussed in section 4. In the conclusion we state that zonal advection was the dominant mechanism for the observed SSS variability during the 1992-1995 period. The result is derived from observations and in particular the estimation of each contribution in the salt budget equation. We also stress that the TSG network is a powerful tool in monitoring the zonal SSS front, and that it can provide a useful indicator of ENSO.
Data and Methods
Since 1969, ORSTOM has carried out from Noumea (New Caledonia) a program of systematic observations of sea surface temperature (SST) and SSS in the Pacific, Atlantic, and Indian oceans, using surface water samples collected on merchant ships by the "meteorological bucket technique." Measurements taken in these conditions can easily be inaccurate due to several hard-to-assess parameters. The water sample is placed in an airtight container, to be analyzed later in the laboratory. On certain routes, a ship may call at Noumea only once every 4 months, and the preservation of the samples in good condition becomes questionable. Evaporation may become a problem depending on the quality and condition of the sample bottles, and current estimates indicate that accuracy in such surface salinity measurements is of the order of 0.2 (see Reverdin et al. [1994] for discussion on water modification during collection). Furthermore, this technique is becoming harder and harder to put into practice, since modern vessels have a higher bridge and operate with smaller crews than in the past. These vessels increasingly make use of automated equipment for their other data-gathering needs, and it had become clear that our original and often imprecise sampling technique needed to be upgraded. This was made possible in 1992 when we started to equip commercial vessels with SBE 21 thermosalinographs (thereafter called TSG) manufactured by Seabird Electronics Inc. The accuracy of measurements given by both thermosalinograph and bucket sampling techniques was compared and assessed along cruise tracks with conductivity temperature depth (CTD) casts in the tropical western Pacific. The mean discrepancy in salinity between TSG measurements and CTD is an order of magnitude smaller (0.00-0.03) than that between buckets and CTDs (-0.13 to +0.07). The dispersion of measurements is also smaller using TSGs (standard deviation of 0.01-0.02 versus 0.09-0.19 for the bucket technique; see H•nin and Grelet [1996] ).
Since the beginning of the monitoring, the effort has been focused on the western and central tropical Pacific. The observation area extends from Japan to New Zealand, and from southeastern Asia to French Polynesia. In spite of difficulties encountered during the experimental period and of the limited number of ships, we have been able to demonstrate that intensive automated sea surface monitoring with TSGs is indeed possible and that it substantially improves the accuracy of the data and the density of coverage along the routes [H•nin and Grelet, 1996; H•nin, 1996].
Our present data set consists mainly in data provided by this intensive sampling along the New Caledonia-Japan shipping line (referred to as the Western Track or WT hereafter) and the Japan-Tarawa-Fiji shipping line (referred to as the Eastern Track or ET hereafter). These two lines cross the equator near 156øE and 173øE respectively (Figure 1) [Hansen and Poulain, 1996] . The Lagrangian autocorrelation timescales for zonal velocity and meridional velocity were found to be 10 and 5 days, respectively (K. Bi and P. P. Niiler, The equatorial Pacific responses to the 1991-1992 E1 Nifio-Southern Oscillation as observed with Lagrangian mixed layer drifting buoys, submitted to Journal of Geophysical Research, 1996). For our study, we sampled the data at a monthly mean on a 3 ø latitude by 5 ø longitude grid centered on the equator. The grid size is large enough so that the drifters do not cross it on the timescale of Lagrangian autocorrelations. Some areas were poorly sampled especially near the dateline where westward currents prevail under influence of southerly trade winds; these induce a divergent flow at the surface near the equator. Near 140øE where drifters are scarce and are sometimes captured by coastal currents near Papua-New Guinea, interpretation of the monthly average as the largescale drift is questionable. SSS evolution is strongly influenced by the evaporationminus-precipitation budget (E-P). This budget is dominated by rainfall changes over the western Pacific Ocean characterized by heavy precipitations . Previous estimates of rainfall and evaporation result in a net freshwater flux of 1-2 m yr -• [e.g., Donguy, 1987; Lukas, 1988; Webster and Lukas, 1992] . However, there is a strong rainfall variability linked to the development of ENSO anomalies. For example, during our period of study, winds were more frequently westerlies than is usual in the western equatorial Pacific. During these westerly burst episodes, rainfall tends to increase consistently with the occurrence of anomalous deep atmospheric convection. The location of maximum deep convection, usually west of 180 ø, also shifts zonally in accordance with wind events. Estimating rainfall over the ocean is a great challenge. Satellite measurements hold the best promise for estimating precipitation since they provide a synoptic coverage. The two most common methods of estimating rainfall rate are based on electromagnetic radiation in the infrared and microwave frequency bands. However, it is difficult to determine errors associated with the different methods, because either the empirical relations or models used to convert the signal to rainfall rates are Under the convergence zones, surface waters are less salty than the waters near the equator and south of 15øS. The 4øS -15øS band presents more interannual variability in SSS (and in heat content computed from XBTs as well [Villain, 1995] than the 4øN-10øN region. This is linked to larger meridional shifts of SPCZ as compared to the ITCZ and a more intermittent eastward transport by the South Equatorial Countercurrent (SECC) than by the North Equatorial Countercurrent (NECC). The SECC, usually situated between 5øS and 10øS, is well developed during the La Nifia periods and is not observed during E1 Nifio events.
These interannual changes were mainly observed on the equator and south of the equator and were nearly in phase with the SOI although there was a 2-3 month lag between atmospheric conditions and SSS variability due to oceanic circulation. (Plate lc). In the ITCZ region, north of the equator, there was no noticeable interannual surface salinity change. A seasonal surface salinity variability could have been present, but it was not discernable given the density of observations. The zonal displacements of this SSS front can be large. For example, waters of salinity higher than 35.0 were also encountered on ET (173øE) in February 1994 (Figure 8b) , indicating that the SSS front was west of 173øE at this time. These highsalinity waters extended on both sides of the equator and SSS distribution presented sharp meridional gradients of more than 1.5 over 200 km near 5øN and 5øS. These high-salinity values cannot be attributed to equatorial upwelling of highsalinity water which is generally situated in the top of the thermocline. The thermocline was too deep at that time (around 70 m as shown by TOGA-TAO moorings) to modify the surface salinity. These high-salinity waters were central Pacific waters as already shown above; and they were also detected on equatorial moorings (Figure 6 ): in early January 1994, high-salinity peaks were visible at different longitudes, 173øE, 160.5øE, and 156øE. They lasted about 4 months at 
Discussion
The large-scale variability of SSS is due either to variations of E-P, of mixing rate or to surface currents which advect salinity. The standard mixed layer formulation for salinity evo- (Figure 8b ). This suggests that meridional advection was small at our timescale (2 month); otherwise, the meridional fronts would move in latitude. This maintenance of high salinity on the equator also excluded equatorward meridional advection as a major process in SSS variability because the only waters that would shift equatorward would be low-salinity waters that were present under the ITCZ and SPCZ (see Plate 2, (5ø-10øN) and (5ø-10øS) bands). The abrupt SSS increases in waters occasionally trapped near the equator (and explained neither by E-P nor by vertical and meridional advections) were mainly driven by zonal advection (Figure 4 ; Plate 2).
In order to investigate the role of zonal advection in the SSS variability, mainly illustrated by the displacements of the salinity front, we reported ( Figure 3 The main results of this study can be summarized in a conceptual view along the equator as proposed in Figure 10 . Atmospheric convection is maximum in the western Pacific. The associated rainfall forces the ocean through an input of fresh water that accumulates in the mixed layer maintaining lowsalinity waters, i.e., the fresh pool. The maximum atmospheric convection is situated near the eastern edge of the fresh pool and induces a strong zonal gradient with a region further east where, on the average, convection is weak. West of the maximum, convection decreases more slowly. This leads to a contrasted distribution of SSS along the equator: high-salinity waters in the central east equatorial Pacific and low salinity waters in the western equatorial Pacific separated by a sharp SSS front as described above, and an inversion of SSS gradient on the western side of the fresh pool. This fresh pool lies at the top of the warm pool, thus forming stable low-density waters that can be easily shifted back and forth along the equator by zonal episodes of high salinity (above 35.0). Our results suggest that at the scale of our study, zonal advection is the main mecanism responsible for these variations near the equator. Other possible mecanisms were evaluated but they were found to be weaker for the major abrupt changes in SSS at 1-2 month timescale. The zonal and meridional SSS fronts detected in this study emphasized the particular dynamics of the equatorial region: even if freshwater input is necessary in the long term for its formation in the western Pacific, the fresh pool location and its changes are likely clearly due to equatorial dynamics. Delcroix and Picaut [1998] had emphasized marked differences in salinity distribution between the 1987 E1Nifio and the strong 1988-1989 La Nifia. Using geostrophic surface current anomalies calculated from Geosat altimetry, they concluded that, during these two major contrasted climatic events. SSS advection by zonal current anomalies was the dominant process for SSS variability in the equatorial band. We showed in the present study that such large changes in SSS existed even during the succession of warm events in 1992-1994 and that zonal advection is the main mechanism for these variations near the equator, as by Picaut et al. [1996] , but for the period [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] . We also explained SSS distribution in 1995 when a maximum salinity developed at the two tracks, related to the development of La Nifia with the SSS zonal front migrating to the far western Pacific.
At our time scale of sampling (1-2 months), it was shown that the SSS changes described by the displacements of the zonal SSS front are in phase with maximum of atmospheric convection. Picaut et al. [1996] have suggested that these displacement are also correlated with zonal displacement of the warm pool and the southern oscillation index. The relative displacements of the warm pool and the fresh pool induce changes in overlying atmospheric condition and play a key role in air-sea interaction.
TSG monitoring in the fresh pool has been found fruitful for describing and understanding SSS distribution and its changes in relation with equatorial dynamics and thermodynamics. This type of data, necessary to map SSS objectively, will be associ-ated with other oceanic data and satellite measurements in order to properly answer the question of the balance of precipitation, evaporation, and upper ocean salt flux which is fundamental for understanding air-sea coupling. Any climate coupled model must reproduce observed SSS (as well as SST) to have a correct parametrization of the hydrological and related energy fluxes. This is one of the questions that will be addressed by the future Tropical Rainfall Measuring Mission programme.
